Bucked triangular, β 12 and χ 3 are the three lattices of atomic-thin boron sheet which have been realized experimental very recently. The three lattices all are metallic and dynamical unstable. By adopting the first-principles method based on the density functional theory, we predict the biaxial strain under which the β 12 and χ 3 boron sheets are stabilized. We also demonstrate the effectiveness of hydrogenation on stabilize the buckled triangular boron sheet. Additional, our calculations show that neither uniaxial nor biaxial strain stabilizes the buckled triangular boron sheet, and when the applied biaxial strain is larger than 14%, its anisotropic conductivity no longer exists. Moreover, the electronic band structures of the three boron sheets are controllable by modifying the hydrogen coverage. We find the Dirac cone in the fully hydrogenated buckled triangular boron sheet, and the metal-semiconducting transition in β 12 and χ 3 boron sheet caused by 100% and 50% hydrogenation. Our results reveal new electronic properties for the new class of 2D materials, borophene in the applications of electronics.
Introduction
Last two decade, atomic-thin boron sheets have attracted extensive attentions for exploring their atomic structures. [1] [2] [3] [4] [5] Recently, atomically thin 2D boron sheets have been synthesized on Ag(111) surfaces by the physical vapor deposition method. 1, 2 These extended 2D boron sheet is called as 'borophene', in analogy to graphene. Three structures of borophene have been observed, 1,2 namely, buckled triangular, β 12 and χ 3 . The buckled triangular borophene is highly anisotropic metal with high Young's modulus along its armchair direction which exceeds that of graphene, 1 and its electronic and transport properties also strongly correlate with directions. 6 Additional, Gao et al predict the superconductivity of the β 12 and χ 3 boron sheets. 7 Moreover, these three lattices of boron sheet all show potentials as an anode material for Li, Na and Mg ion batteries due to the high theoretical specific capacities and outstanding ion transport properties. [8] [9] [10] [11] With the advanced properties mentioned above, borophene definitely is the new promising 2D material in a vast applications field. According to the previous studies, 2, [12] [13] [14] the formation energies of the three boron sheets of buckled triangular, β 12 and χ 3 are very close. However, the phonon spectra for the buckled triangular, β 12 and χ 3 borophene all show that these boron sheets are dynamically unstable, 1, 14, 15 which somehow limits their applications. Strain and surface functionalization have been proved to be effective on stabilizing the 2D materials. [15] [16] [17] [18] [19] [20] Penev et al. proposed that the imaginary frequencies of both β 12 and χ 3 borophene near the G point may be eliminated by applying a uniform tensile strain. 15 Additional, based on the first-principles calcula- [25] [26] [27] and electric field controlling 28, 29 In this context, it is both necessary and important to investigate the effect of surface functionalization and strain on the electronic structures of buckled triangular, β 12 and χ 3 boron sheets which all show metallic behavior. 1, 2, 7, 14 By performing the first principles calculations, we investigate the effect of strain and hydrogenation on the three boron sheets of buckled triangular, β 12 and χ 3 . Our calculations show that β 12 and χ 3 boron sheets are dynamical stable under biaxial strain of 4.8% and 6.6%, respectively. But neither biaxial nor uniaxial strain can stabilize the free-standing buckled triangular borophene. Additional, all the three structures maintain metallic under the biaxial strain ranging from 0% to 10%. Moreover, we show that the adsorption of hydrogen turns the metallic β 12 and χ 3 boron sheet into semiconducting with energy gaps of 1.1 and 0.8 eV.
Calculation details
Our calculations are performed by using the Vienna ab-initio simulation package (VASP) based on the density functional theory (DFT).
interactions were described by the generalized gradient approximation (GGA) by using the Perdew-Burke-Ernzerhof (PBE) function. 34 Wave functions were expanded in a plane wave basis with an energy cutoff of 500 eV. The 7×5×1, 5×3×1, 3×1×1 and 5×5×1 supercell were used to simulate the strained buckled triangular, β 12 , χ 3 phases of borophene and hydrogenated χ 3 borophene, respectively. And their first Brillion zone were sampled by 25×15×1, 15×9×1, 15×5×1 and 11×11×1 k-mesh. To simulate the 2D boron sheets, a vacuum space of 20 Å is included along the Z direction to minimize the interaction between the periodic images. The convergence criterion was set to 10 -8 eV between two ionic steps for the self-consistency calculations. All the atoms were fully relaxed until the force on each atom was less than 0.01 eV Å -1
. Phonon dispersion spectra have been computed by using the finite displacement method as implemented in the PHONOPY package. We then studied the buckled triangular, β 12 and χ 3 borophene under the uniaxial and biaxial strain ranging from -5% to 15%. As showing in Fig. 1 , the rectangle unit cells are used to simulate the three lattices. The lattice constants for the rectangle unit cell of χ 3 borophene are a = 2.909 Å and b = 8.413 Å. Our calculations show that under the compressive strain, all the three lattices of buckled triangular, β 12 and χ 3 become more unstable having larger imaginary frequencies, and the imaginary frequencies even increase as the compressive strain increases. Thus, we only report the results under the tensile strain in the present study.
Our calculations show that there are always imaginary frequencies in the phonon spectrum of buckled triangular borophene under both the uniaxial and biaxial strain up to 15%. It implies that neither biaxial nor uniaxial strain stabilizes the free-standing buckled triangular borophene. Fortunately, both the β 12 and χ 3 phases of the boron sheets are stabilized under the biaxial stain. As showing in Fig. 2 (a) and (b), there is no imaginary frequency in the phonon spectra for the β 12 and χ 3 boron sheets under the biaxial stain of 4.8% and 6.6%. We also calculated the electronic band structures for the strained β 12 and χ 3 borophene under the biaxial strain of 4.8% and 6.6%, respectively. It indicates that the stabilized β 12 and χ 3 boron sheets remain metallic. Figure 3 shows the electronic band structures for the strained buckled triangular, β 12 and χ 3 borophene. As we can see, all the strained three lattices maintain to be metallic under the biaxial strain ranging from 0% to 15%. For all the three boron sheets under the increasing biaxial strain, their conduction bands move down and their valence bands shift up. Particularly, the buckled triangular borophene maintains to be metallic with strong anisotropy under the biaxial strain less than 14%, as showing in Fig. 3(a) . Specifically, its electrical conductivity is confined along the uncorrugated a direction but it is semiconducting along the b direction. When the applied biaxial strain is larger 14%, the buckled triangular borophene loses the anisotropy, behaves metallic along all the lattice directions.
Boron sheets functionalized by hydrogen
We further studied the hydrogenated buckled triangular, β 12 and χ 3 borophene at different hydrogen coverage. The calculation results are summarized in Table I -III. The adsorption energies of H atom adsorption on the boron sheet are calculated via
where E tot and E borophene are the energies of the boron sheet with the adsorption of H atoms and the clean boron sheet; E H 2 and n are the energy of hydrogen molecule and the number of adsorbed H atoms, respectively. Fig. 5(a) and 4(a) shows the atomic structures for the 50% and 100% hydrogenated buckled triangular boron sheets, respectively. In the 50% hydrogenated buckled triangular boron sheet, only the upper or lower B atoms are terminated by H atoms, and in the 100% hydrogenation case, both the upper and lower B atoms are hydrogenated. The 100% hydrogenated buckled triangular borophene is stabilized and there is no imaginary frequency in the phonon spectrum shown in Fig. 4(b) , but the 50% hydrogenated buckled triangular borophene remains unstable. Our calculations tell us that the buckled triangular borophene can be Fig. 3 The electronic band structures of (a) buckled triangular, (b) β 12 and (c) χ 3 boron sheet under the biaxial strain ranging from 0% to 15%. stabilized by hydrogenation, which proves the previous result obtained by Xu et al. 19 Additional, as showing in Fig. 4(c) , the calculated electronic band structure of fully hydrogenated buckled triangular borophene displays a clearly Dirac cone along X-G direction. Unlike the buckled triangular boron sheet in which there are two B atoms in the unit cell and the two B atoms are symmetrically identical, there are five B atoms in the unit cell of β 12 boron sheet and two pairs of B atoms are identical. They are labeled as "1" and "5" , and "3" and "4" as showing in Fig. 1(b) . To study how the H atoms adsorb on the β 12 boron sheet, we manually put H atom on three different B atom sites, "1", "2" and "3". Our calculations show that the adsorption energy of hydrogen on site "1", "2" and "3" atoms sites are -0.247 eV, 0.958 eV and -0.002 eV, respectively. This means that H atom prefers to adsorb on the "1" B atom site. Fig. 6(a) shows the atomic structure for the hydrogenated β 12 boron sheet at 20% coverage in which one H atom adsorb on the "1" B atom site in each unit cell.
The hydrogenated β 12 boron sheet at high H coverage were examined by adding H atoms at the less favorable B atom sites one by one. Fig. 6 show the lowest energy configurations for the hydrogenated β 12 boron sheet at 20%, 40%, 60%, and 80% coverage. Our calculations indicate that the β 12 borophene remains unstable under all kinds of hydrogenation structures. Fig. 6 shows the electronic band structures along the high symmetry directions for the 20%, 40%, 60% and 80% hydrogenated β 12 borophene which maintain to be metallic, but the energy bands near the Fermi level become sparse. However, there is no energy band crossing the Fermi level for the 100% hydrogenated β 12 borophene as showing in Fig. 4(f) . It indicates that the fully hydrogenated β 12 borophene is semiconducting, and its energy gap is 1.1 eV.
The hydrogenated χ 3 borophene was studied in the similar way as we studied the hydrogenated β 12 boron sheet. There are four different B atoms in the unit cell of χ 3 borophene as showing in Fig. 1(c) , and Fig. 7 shows our results for the most stable configurations of the hydrogenated χ 3 borophene at 25%, 50%, 75% and 100% coverage. Our calculations show that the surface functionlization by H atom fails to stabilize the χ 3 borophene. There are always negative values in the phonon spectra of the hydrogenated χ 3 boron sheet, and the imaginary frequencies even become bigger with the increasing of H coverage. Although hydrogenation turns out to be ineffective on stabilizing the χ 3 borophene, but it makes the χ 3 borophene convert from metal into semiconductor. The electronic band structure shown in Fig. 4(i) indicates that the 50% hydrogenated χ 3 borophene is semiconducting with energy gap of 0.8 eV.
Tables 1-3 summarize our calculation results with the lowest energies for the hydrogenated buckled triangular, β 12 and χ 3 boron sheets at all the possible H coverage. We can see that the lattice constants and B-B bond lengths for the three boron sheets with the adsorption of H atoms at various H coverage are almost as same as those of the bare boron sheets except for the 100% hydrogenated buckled triangular boron sheet. For the 100% hydrogenated buckled triangular boron sheet, the a lattice constant and the B-B bond length along the a direction increase by 0.3 Å, while the b lattice constant and the B-B bond along the b direction hardly change. Additional, the buckling height of the buckled triangular boron sheet decreases after the adsorption of H. Nevertheless, the β 12 and χ 3 boron sheets are not planar any more with the adsorption of H as showing in Fig. 6 and 7 , and the buckling heights increase by 0.9-1.0 Å at most with the increasing of H coverage. Despite the buckling appearing along the vertical direction as a result of interaction between the H atoms and B atoms, the in-plane configurations maintain to be as same as the bare boron sheet. In Table 1 -3, the adsorption energies are calculated via
which actually is the averaged formation energy of several B-H bonds. Under high hydrogen coverage for one side adsorption, the adsorption energies are positive, which means that the B-H bond become weak. Hence, we put hydrogen on both sides to increase hydrogen coverage. For the double side hydrogen adsorption, the adsorb energy would be first decreases and then increases as the H atoms coverage becoming higher. Consequently, the most stable configurations of the functionalized boron sheets are 100% hydrogenated buckled triangular, 20% hydrogenated β 12 and 75% hydrogenated χ 3 boron sheets.
Conclusions
By performing the density functional theory type of first-principles calculations, we studied the atomic structures, stability and electronic property of the strained and hydrogenated atomic-thin boron sheets. We find that the β 12 and χ 3 boron sheets are stabilized under the biaxial stain of 4.8% and 6.6%. But, there are always imaginary frequencies for the buckled triangular borophene under the biaxial strain up to 15%. When the biaxial is larger than 14%, the buckled triangular borophene loses the anisotropic metallic character. Additional, our calculations show that hydrogenation is effective on stabilizing the buckled triangular borophene, but neither β 12 nor χ 3 borophene are stabilized under kinds of hydrogenation coverages. Moreover, we find that the fully hydrogenated β 12 and 50% hydrogenated χ 3 borophene transit into semiconducting. Our calculations not only find the possible way to stabilize the three most important lattices of atomic-thin boron sheets, also highlight the new electronic property for the atomic-thin boron sheets.
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